We used a fluorescent dye, FM1-43, to investigate mechanotduction mechanisms in the hair cells of lateral line organs of Xenopus larvae. FM1-43 specifically labeled the hair cells. The photo-oxidation technique was performed with electron microscopy to examine the labeling sites and their mechanisms. The results showed that the labeling sites were mitochondria and rough endoplasmic reticulum throughout the cytoplasm. Endocytic activity of the hair cells was limited to endosomes and s m a l l granules located at the apical part of the cells. Blockers of the mechanosensitive cation channel (neomycin, gentamicin, streptomycin, and d o r i d e ) effectively inhibited FM1-43 labeling. One of the blockers, amiloride, was found to bind to hair cells when its fluocescena was examind. Divalent cations such as M$ and Ca2+, but not monovalent cations such as Na+ and K+, inhibited FM1-43 labeling when they were added in excess amounts. These results suggest that FM1-43 internalizes in hair cells via the putative mechanwnsitive cation channel in the plasma membrane. ( J Hisrochem Cytochem 44:
Introduction
Styryl dyes such as RH 414 have been shown to be voltage-sensitive and function as voltage transducers by binding to plasma membranes (Cinelli and Kauer, 1992; Loew et al., 1985) . Similar dyes, such as daspei Uqrgensen, 1989) or 4-Di-2-ASP (Collazo et al., 1994) . have been shown to label lateral line organs selectively. DSMP (Rafael and Nicholls, 1984) and daspmi (Bereiter-Hahn, 1976) . which belong to these groups of dyes, specifically label mitochondria in a voltage-dependent manner. FM1-43, a styryl dye, is shown to label synaptic vesicles by endocytosis via activity-dependent membrane recycling after neuronal stimulation (Betz and Henkel, 1994; Ribchester et al., 1994; Betz and Bewick, 1993; Bett et al., 1992) . Because it cannot permeate plasma membranes (Betz et al., 1992) . this dye is useful for fluorescent labeling of other exocytotic organelles in pituitary cells (Stafford and Schofield, 1993) .
The lateral line organs of Xenopus laevzs larvae are composed of mechanosensitive hair cells and surrounding supportive cells (Winklbauer, 1989; Shelton, 1971 Shelton, ,1970 . The response of lateral line organ hair cells to various stimuli are believed to be equivalent to those of cochlear, utricular, or saccular hair cells (Hudspeth, 1985) . Mechanosensation of the hair cells is mediated by the putative mechanosensitive cation channel, which is believed to be located at the stereocilia (Bargmann, 1994; Assad and Corey, 1992; Assad et al., 1991; Jacobs and Hudspeth, 1990; Forge et al., 1988; Hudspeth, 1985; Pickles, 1985) . However, purification and identification of the channel protein have thus far been unsuccessful (Gillespie and Hudspeth, 1991) , although antibodies against amiloridesensitive renal sodium channel protein localize at the stereocilia of cochlear hair cells (Hackney et al., 1992) . Electrophysiological analyses of the mechanosensitive channel in the lateral line organ or in cochlear hair cells have shown that aminoglycoside antibiotics, such as streptomycin, gentamicin or neomycin, and amiloride, block the channel (Ernst et al., 1994; Kimitsuki and Ohmori, 1993; Jwgensen and Ohmori, 1988; Roberts et al., 1988; J~rgensen, 1985; Ohmori, 1985; Hudspeth and Kroese, 1983) .
This study describes FM1-43 labeling in the lateral line organs of Xenopus larvae. The precise labeling sites and labeling mechanisms are further examined by the photo-oxidation method combined with electron microscopy and inhibition experiments. Photooxidation and photoconversion methods have recently been shown to be simple but reliable (Deerinck et al., 1994; Thanos et al., 1994; Rutherford and Willingham, 1993; Lencer et al., 1990; von Bartheld et al., 1990; Sandell and Masland, 1988; Maranto, 1982) . The results in this study suggest that FM1-43 mimics inorganic divalenx cations such as ea2+ or Mg2' and is incorporated into the en-NISHIKAWA, S A W doplasmic reticulum and the mitochondria of hair cells via the nonselective mechanosensitive cation channel. Therefore, this study provides a useful tracer for cation permeability via the plasma membrane channel.
Materials and Methods
Swimming larvae (Stage 39-47) (Nieuwkoop and Faber, 1967) of Xenopus laevzs were used in this study.
Fluorescence Microscopy. For FM1-43 labeling, Xenopus larvae (Stage 41-47) were labeled with 2 pM FM1-43 (Molecular Probes; Eugene, OR) in distilled water for 5 min at room temperature (RT). FM1-43 was dissolved in methanol at a concentration of 2 mM and stored at -30'C. After a brief washing with distilled water, the larvae were fixed with 2.5% glutaraldehyde in distilled water or 0.1 M cacodylate buffer solution, pH 7.2, at 4'C for 30 min. After they were washed with distilled water, the fixed specimens were examined in whole-mounts with B-excitation (excitation wavelengths 460-490 nm; emission wavelengths longer than 510 nm) of epifluorescence optics (Fluophot; Nikon, Tokyo, Japan). According to the supplier's handbook, FM1-43 has the strongest longwavelength absorption peak at 502 nm and has maximal fluorescence intensity at 625 nm, but has emission at a much shorter wavelength in membranes. In this study, labeling ofFM1-43 exhibited a yellow-green color. Because FM1-43 was found not to be fixable by aldehyde fixatives, examination was performed on the day of labeling.
For amiloride fluorescence examination, Xenopus larvae (Stage 39-45) were labeled with 10 pM-1 mM amiloride monohydrochloride (Wako Pure Chemical; Osaka, Japan) in distilled water for 5 min at RT. After fixation with 2.5% glutaraldehyde for 30 min in the presence of amiloride, they were examined in whole-mounts with uv light excitation of epifluorescence optics.
Fluorescence Photo-oxidation Method. For FM1-43 photo-oxidation, swimming larvae (Stage 45-41) were labeled with 2 pM FM1-43 for 5 min at RT After a brief washing with distilled water, they were fixed for 30 min with 2.5% glutaraldehyde in 0.1 M cacodylate buffer solution at 4'C. They were then washed with the buffer solution and were incubated with 0.1 M glycine in 0.1 M cacodylate buffer solution for 5 min, followed by incubation with 6 mM postassium cyanide in 0.1 M cacodylate buffer solution for 5 min. The specimens were preincubated with 1.5 mglml diaminobenzidine (DAB) in Tris buffer solution, pH 7.6, for 10 min, and then photoconverted in the presence of DAB. Photoconversion of FM1-43 was done by blue light irradiation under a x 10 objective lens by epifluorescence optics (Deerinck et al., 1994) at RT for 30 min. After being washed with 0.1 M cacodylate buffer solution twice for 10 min. they were postfixed with 1% osmium tetroxide for 1-2 hr and embedded in Epon 812. For control, larvae incubated with FM1-43 and DAB were processed without light irradiation, or larvae without FM1-43 labeling were processed with DAB and blue light irradiation.
Tracer Experiments. Cationic gold was used to examine endocytotic activity of lateral line organ cells. Swimming larvae (Stage 41) were incubated in the cationic gold (10 nm; Zymed, San Francisco, CA) solution diluted 1:10 with distilled water for 20 min. During the last 5 min of incubation, FM1-43 was added at a final concentration of 2 pM. FM1-43 labeling was then photoconverted as described above.
Horseradish peroxidase (HRP) (Type VI-A; Sigma, St Louis, MO) was also used as a tracer, Swimming larvae (Stage 45) were incubated in an HRP solution (0.5 mg/ml in distilled water) for 30 min at RT. The larvae were fixed with 1% glutaraldehyde in 0.05 M Bis buffer solution, ph 7.6, at 4°C for 1.5 hr. After being washed with the buffer solution, they were incubated with DAB solution (0.2 mg/ml in 0.05 M Tris buffer) for 30 min at RT, and peroxidase activity was detected by incubation in DAB-Hz0z solution (0.2 mg/ml DAB, 0.005% H202 in 0.05 M Tris buffer) for 5 min at RT. They were postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer solution at 4°C for 2 hr and embedded in Epon 812.
FM1-43
Labeling Inhibition Experiments. Three antibiotics, streptomycin (10 pM-1 mM), gentamicin (7 pg/ml-0.7 mg/ml), neomycin (10 pM-1 mM), and amiloride monohydrochloride (10 pM-1 mM) were used. All reagents were purchased from Wako Pure Chemical. Swimming larvae (Stage 45) were incubated in an antibiotic or amiloride solution at RTfor 30 min. FM1-43 (2 pM) was then added to the solution and they were further incubated for 5 min. After a briefwashing with distilled water (without washing in the case of amiloride), the larvae were fixed with 2.5% glutaraldehyde in distilled water or 0.1 M cacodylate buffer solution. Because amiloride inhibition of FM1-43 labeling was reversible, washing with distilled water caused FMl-43 fluorescence. They were examined with &excitation of epifluorescence optics.
Two divalent cations, Mg2' and Ca2', and two monovalent cations, Na' and K' . were used to examine the extent of their competition with FM1-43. Swimming larvae (Stage 45-47) were incubated in one of the following salt solutions, 0.1 M NaCI, 0.1 M KCI, 0.1 M MgClz, or 0.1 M CaC12, for 30 min at RT. FM1-43 was added to the salt solution at a final concentration of 2 pM and incubated for 5 more min. After briefwashing with distilled water, the larvae were fixed with 2% or 2.5% glutaraldehyde in distilled water or with 0.1 M cacodylate buffer solution for 5-30 min, and were examined with fluorescence microscopy.
Results

Labeling Patterns of FMl-43 in Lateral Line Organ Hair Cells
When swimming larvae were incubated with 2 pM FM1-43 and examined with fluorescence microscopy in whole-mounts, the lateral line organs were specifically labeled after a h n i n incubation (Figures la and 1b). Internal gill areas of the larvae gave rise to cloudy fluorescence, but their fluorescence was not inhibited by the antibiotics and amiloride (Figures Id and le). Epidermal cells at nasal pits exhibited weak fluorescence. No other epidermal cells were labeled unless their plasma membrane was broken (Figure la, arrowheads) . Several to a dozen teardrop-shaped cells in the lateral line organ were strongly labeled in their cytoplasm with threador string-like labeling ( Figure IC) . Nuclei normally were not labeled. When swimming larvae were treated with saponin (0.1 mglml) for 90 sec before FM1-43 labeling to perforate the plasma membranes of epidermal cells, most of the epidermal cells were intensely labeled in various patterns.
The photo-oxidation method combined with electron microscopy revealed that hair cells were labeled by FM1-43 because of the presence of stereocilia and their association with afferent or efferent nerve terminals. Not all of the hair cells in the lateral line organs were labeled, and labeling intensity of the labeled hair cells varied considerably. The labeled structures were lumens of the endoplasmic reticulum, including the nuclear envelope, and mitochondria (Figure 2a ). Part of the endoplasmic reticulum was rough, based o n the observations of the ultrathin sections stained conventionally with uranyl acetate and lead citrate (Figure 2b) . Staining of the Golgi apparatus was variable (Figure 2a ), and synaptic vesicles close to a synaptic body of the afferent nerve terminal were slightly labeled. At the apical ends of hair cells and supporting cells, small flattened saccules were labeled (Figures 3b and 3c ).
Control sections processed without light irradiation or without FM1-43 did not show any specific DAB reaction products. Control specimens processed without FM1-43, treated with potassium cyanide, and incubated in the DAB solution in the presence of blue light did not show any artifactual labeling in mitochondria (Figure 2C) .
Tracer Experiments Reveal Limited Endocytic Activity of Hair Cells
To identify the endocytic activity of hair cells and its contribution to FM1-43 labeling, swimming larvae were preincubated in the cat-ionic gold solution for 15 min. followed by FM1-43 labeling for 5 min in the presence of the cationic gold. or were incubated in the HRP solution for 30 min. followed by fixation and DAB reaction. In the case of cationic gold. the specimens were examined with electron microscopy after the photo-oxidation of FM1-43. All results showed that the hair cells and supporting cells in the lateral line organs exhibited only limited endocytic activity, in which small, flattened discoidal bodies and small vesicles labeled by cationic gold or HRP were observed only at the apical end of the cell (Figures  3a and 3c ). Double labeling with cationic gold and FM1-43 showed that most of the flattened bodies taking up the gold particles were also labeled by FM1-43-dcrivcd DAB reaction products (Figurc 3c). Thcsc rcsults suggest that thc small, flattened sacculcs labclcd by FM1-43 locatcd at thc apical cnds of the hair cclls and supportive cclls wcrc cndosomcs and that thcir locations wcrc limited to thc apical part of thc cclls, and that thc FM1-43-dcrivcd photo-oxidizcd DAB labcling in thc endoplasmic rcticulum and mitochondria located throughout rhc entire cytoplasm wcrc duc to its direct intcrnalization via thc plasma mcmbranc.
Inhibition Experiments with Aminoglycoside Antibiotics and Amiloride
Bccausc FM1-43 docs not pass the lipid bilaycr of thc plasma mcmbranc (Bctz et al., 1992) . a possible candidatc for mcmbranc-passing machincry is a cation channcl considcrcd to be present in thc hair cell. Thcir inhibitory cffccts wcrc examined by using aminoglycosidc antibiotics and amiloridc, both known as mcchanoscnsitive cation channcl blockcn. Ncomycin. gentamicin, and strcptomycin all inhibitcd FMI-43 labeling with dose-dcpcndcncy. which was almost complctcly inhibitcd in 1 mM (Figurc Id), slightly labeled in 100 pM, and more strongly labelcd in 10 pM (Figurc 4) . Among the thrcc. ncomycin was the strongest inhibitor, because even in lower conccntration ncomycin tcndcd to block FM1-43 fluorcxcncc comparcd to the othcr two antibiotics. Amiloridc also inhibitcd thc labcling of FMI-43 in conccntrations of 100 pM to 1 mM (Figurc IC).
Competition of Divalent Cations with FMI-43
Aftcr swimming larvae werc incubatcd for 5-30 min in watcr containing Ca2' or Mg2' (1-100 mM). FM1-43 (2 pM) was added to thc same solution. which was thcn incubatcd for 5 min (Figurc 5) . The rcsultsshowcd that both divalcnt cations inhibited thc FMI-43 labcling with dosc-dcpcndcncy, suggcsting the competition of divalcnt cations with FMI-43. On thc othcr hand. monovalent cations such as Na' or K+ did not compcrc with FM1-43, resulting in no influcncc on FMI-43 labcling. 
Amiloride Binds to Hair Cells of the Lateral Line Organ
Amiloridc itself is known to be fluorescent at 380 nm excitation (Briggman et al., 1983) . When swimming larvae were incubated in water containing 100 pM or 1 mM amiloridc and were examined under fluorescence microscopy. the hair cells of the lateral line organs were specifically labeled. indicating that the target of amiloride was the hair cell ( Figure 6 ). In particular, the apical end and the basal nuclear region of the hair cell were strongly labeled.
Discussion
It is known that some styryl dyes are fluorescent and label lateral line organs sclcctiwly in amphibia and teleosts (Collazo et al., 1994; Jorgcnsen. 1989) . Therefore. it is not surprising that FM1-43. which is also a styryl dye. labels the lateral line organs of Xenopus larvae, but it is unknown why only lateral line organs are labeled by this fluorescent dye. We used the photo-oxidation method (Dcerinck et al.. 1994; Sandcll and Masland. 1988; Maranto. 1982) IO answer this question. The results showed that FMI-43 labclcd the hair cells of the lateral line organs and internalized in the endoplasmic reticulum and mitochondria. instead of being all adsorbed to the cell surface. Bctz et al. (1992) stated that FMI-43 was impermeable to the membrane lipid bilayer and was brightly fluo-rescent only when its nonpolar base was inserted into membrane lipids. On the basis of this fact, the intcmalization of FMI-43 requires a distinct membrane machinery, such as a carrier or channel, that lacks the plasma membrane of other epidermal cells. An alternative possibility is that rapid endocytotic activity on a large scale exists in the hair cells of lateral line organs. On the basis of the present results, we believe this not to be the case.
It is known that hair cells have nonselective cation channels that mediate mcchanotransduction in the plasma membrane (Bargmann. 1994; Hackney et al., 1992) . We suspect that FMl-43 utilizes this cation channel for its internalization into the cytoplasm. Two different types of mcchanosensitivc cation channel blockers. aminoglycosidc antibiotics and amiloridc, dfcctively inhibited FMI-43 labeling. Furthermore, competition between FM1-43 labcling with divalent cations. CaZ' and Mg", occurred with dose-depcndency in thisstudy. It has been shown that mcchanoscnsirivcchannels in hair cells can pass small organic cations such as choline and tetramethylammonium (Roberts er al.. 1988; Corcy and Hudsperh, 1979) . These results strongly suggest that FMI-43 passes the plasma membrane to become internalized via this cation channel.
Once internalized by the hair cells. FM1-43 may actually bc present in the cytosol. but invisible unless it happens to be in particularorganclles such as the endoplasmic reticulum and the mitochondria. But what are the mechanisms for Fhll-43 concentration in these organelles? The concentration of divalent cations is known in mitochondria and the driving force of their internalization is an electrochemical proton gradient (Nicholls, 1981) . FM1-43 internalization into mitochondria might mimic this mechanism. Ca2+ dynamics in the endoplasmic reticulum are known to be related to the Ca2+-ATPase, Ca2+-channel such as inositol 1,4,)-trisphosphate receptor, and Ca2+ binding proteins, such as calsequestrin or calreticulin, in muscle or neuronal cells (Villa et al., 1993; Ohtsu et al., 1990; Satoh et al., 1990) . These kinds of proteins may explain FM1-43 labeling in the endoplasmic reticulum.
The internalization of several substances unrelated to FM1-43 was investigated by the photo-oxidation method. DiI, which is a fluorescent dye for labeling plasma membranes, labeled the endoplasmic reticulum in neuronal cells by photo-oxidation (von Bartheld et al., 1990) . Daunomycin, a chemotherapeutic drug, labeled multidrug-resistant cultured cells to accumulate in the nuclear envelope and the endoplasmic reticulum by the photo-oxidation method (Rutherford and Willingham, 1993) . Therefore, some universal transport mechanism to the endoplasmic reticulum may exist in cells. Because C5-DMB-ceramide, a fluorescent ceramide unrelated to FM1-43, accumulates selectively in the trans-Golgi cisterns and the Golgi vesicles in Xenopus embryonic epidermal cells (Nishikawa and Sasaki, 1995) . but not in the endoplasmic reticulum, internalized fluorescent dyes do not always accumulate in the endoplasmic reticulum.
FM1-43 was originally used for activity-dependent labeling of recycled synaptic vesicles of motor nerve terminals in frogs and mammals (Betz et al., 1992) , although an ultrastructural identification of the target organelles for FM1-43 was not provided in their study. In this study, the synaptic vesicles of hair cells were faintly labeled. The cause of the obscure labeling of synaptic vesicles in this study may be their location in the deeper part of the cell, making it difficult for FMl-43 to access the plasma membrane at the site of membrane recycling. In conclusion, although FM1-43 labeled endocytic vesicles, its labeling in hair cells on a large scale is a direct internalization via membrane channels at the plasma membrane. A combination of FMi-43 and photo-oxidation provides a strong tool for analysis of channel-related permeability, in addition to endocytosis and exocytosis.
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